Spatiotemporal patterns form in many nonlinear physicochemical or biological systems. Although unusual, microfluidic systems are no exception. We observe such patterns to form by colloids along the free surface of a drop beneath which surface acoustic waves propagate, and propose fundamental mechanisms to elucidate their formation. With increasing excitation amplitude, the colloids first assemble into concentric rings and then cluster into islands due to a combination of capillarity and surface acceleration. As the excitation is further increased, fluid streaming commences within the drop, inducing a transient metastable state in which the system alternates between colloidal island formation on the quiescent drop surface and subsequent erasure due to local vortex generation. DOI: 10.1103/PhysRevLett.101.084502 PACS numbers: 47.61.Àk, 47.35.Rs, 47.54.Àr, 47.57.JÀ Sorting cells and biomacromolecules for point-of-care diagnostics and the patterning of nanostructured materials are among the many emerging applications of submicron colloidal particle assembly [1] . Given typically low Reynolds numbers and the associated flow stability due to the absence of inertial effects, it is unusual for microfluidic systems [2] to exhibit complex pattern formation characteristic of nonequilibrium physical systems [3] . Recently, however, a host of microfluidic manipulations driven inertially by MHz-order surface acoustic waves (SAWs)-nanometer amplitude undulatory waves that propagate across a solid surface-have been demonstrated [4] [5] [6] [7] . The nonlinearities that appear from the acoustic irradiation inherent to the excitation method used in these studies may also be exploited to form complex and chaotic dynamic patterns, as demonstrated here with fascinating colloidal patterns that form on the free surface of a sessile liquid drop containing a colloidal suspension. We delineate the specific conditions under which a variety of patterns arise due to vibration excitation from SAWs traveling along the piezoelectric substrate on which the drop is placed.
Spatiotemporal patterns form in many nonlinear physicochemical or biological systems. Although unusual, microfluidic systems are no exception. We observe such patterns to form by colloids along the free surface of a drop beneath which surface acoustic waves propagate, and propose fundamental mechanisms to elucidate their formation. With increasing excitation amplitude, the colloids first assemble into concentric rings and then cluster into islands due to a combination of capillarity and surface acceleration. As the excitation is further increased, fluid streaming commences within the drop, inducing a transient metastable state in which the system alternates between colloidal island formation on the quiescent drop surface and subsequent erasure due to local vortex generation. Sorting cells and biomacromolecules for point-of-care diagnostics and the patterning of nanostructured materials are among the many emerging applications of submicron colloidal particle assembly [1] . Given typically low Reynolds numbers and the associated flow stability due to the absence of inertial effects, it is unusual for microfluidic systems [2] to exhibit complex pattern formation characteristic of nonequilibrium physical systems [3] . Recently, however, a host of microfluidic manipulations driven inertially by MHz-order surface acoustic waves (SAWs)-nanometer amplitude undulatory waves that propagate across a solid surface-have been demonstrated [4] [5] [6] [7] . The nonlinearities that appear from the acoustic irradiation inherent to the excitation method used in these studies may also be exploited to form complex and chaotic dynamic patterns, as demonstrated here with fascinating colloidal patterns that form on the free surface of a sessile liquid drop containing a colloidal suspension. We delineate the specific conditions under which a variety of patterns arise due to vibration excitation from SAWs traveling along the piezoelectric substrate on which the drop is placed.
SAWs, here as transverse axially polarized Rayleigh waves [8] , are generated by applying a continuous sinusoidal electrical input into a nonweighted interdigital transducer (IDT, Al=Ti 25-finger pair electrode) patterned on the surface of a single-crystal piezoelectric substrate (127.68 Y-X cut lithium niobate, LiNbO 3 , Roditi Ltd.) via standard UV photolithography. Given an IDT finger and gap width of 49 m, the SAW wavelength ¼ 196 m and hence the resonant frequency f ¼ c= ¼ 19:35 MHz, where c ¼ 3788 m=s is the sound velocity of the unloaded crystal surface. Further details of the SAW device and its fabrication may be found in prior work [4] [5] [6] [7] . To avoid wave reflection from the device ends, polydimethylsiloxane (-gel, Geltec Ltd.) was placed at both ends of the device as an effective wideband acoustic absorber. As shown in the inset of Fig. 1(a) , a drop containing an aqueous suspension of 500 nm fluorescent polystyrene particles (Duke Scientific) with emission and excitation maxima at 508 nm and 468 nm, respectively, diluted to a concentration of 1:4 Â 10 9 particles=ml, is placed on the substrate entirely within the SAW propagation path; the drop volume is altered to allow a range of drop diameters to be studied [ Fig. 1(a) ]. Because of the substrate hydrophilicity, the drop assumes a slender and flat shape with a contact angle of roughly 40
. Visualization of the particle and fluid motion was carried out using a high speed video camera (Olympus iSpeed) at 60 fps connected to a fluorescence stereomicroscope (Olympus BXFM) under reflected wideband blue light with emission centered at 462 nm. The power input to the IDT was monitored using wideband current and voltage probes (CT1 and P6114B, Tektronix) connected to a digital source oscilloscope (TDS4012B, Tektronix). Figure 1 (a) illustrates the various colloidal patterns that appear due to different choices of applied power and initial drop diameter, as seen from above. At relatively low power in regime A, the particles are observed to assemble into closely-spaced concentric rings that appear to coincide with the nodal lines of the standing wave pattern induced on the drop's free surface. This is supported by the fact that the ring separation, approximately 100 m, is roughly half the SAW wavelength, suggesting that the standing wave induced on the free surface has the same frequency as the SAW on the substrate, a notion corroborated by fast fourier transform frequency spectra of the capillary wave vibration obtained using a laser doppler vibrometer (LDV, MSA-400, Polytec) [9] . By traversing the laser focal plane from the substrate to a plane just above the drop free surface, i.e., moving from left to right in Fig. 1(b) wherein the substrate and interface are indicated by vertical dashed lines, it is then possible to measure the frequency of the vibration on both the substrate and the free surface. Figure 1 Hydrophillic (hydrophobic) particles are known to assemble along nodal (antinodal) points along a standing wave on the free surface of a vibrated liquid; this drifting process is driven by capillarity and interfacial acceleration which, together, result in a particle drift force along the interface that scales as the square of the wave amplitude A [10] . Balancing the drift force with the unsteady Stokes' drag in the high frequency limit 2 3 a 3 ðdu=dtÞ þ 3a 2 uðfÞ 1=2 $ a 3 L=T þðfÞ 1=2 a 2 L=T [11] , where is the fluid density, the fluid viscosity, u the fluid velocity, a the particle size, t the time, and, U, L and T are the characteristic velocity, length and time scales, respectively, it then follows that the inverse of the time taken for the particles to assemble into the ring structures 1=T scales as A 2 , consistent with that observed [ Fig. 1(c) ]. Although the particles were homogeneously dispersed within the drop initially, instead of deposited onto the vibrating interface as in [10] , a large number of particles nevertheless appeared to sit on the interface due to the slenderness of the drop, the hydrophobicity of the particles and the vibration at the interface.
Traversing horizontally from regime A to regime B in Fig. 1(a) through an increase in power for a fixed initial drop size, the particles originally gathered in the narrowly 
PRL 101, 084502 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending 22 AUGUST 2008
084502-2 spaced rings in regime A then cluster into islands in regime B. This change is accompanied by the appearance of low frequency subharmonic vibration on the drop free surface; Fig. 1(d) shows the LDV-measured surface vibration amplitude from 0-5 kHz for each regime in Fig. 1(a) , indicating a broadband increase in the capillary wave amplitude as the power is increased.
Moreover, a strong resonance peak in the drop surface vibration amplitude appears near 500 Hz as the power is increased [indicated by the arrow in Fig. 1(d)] , associated with the fundamental capillary-viscous resonance of the free drop [12] . Balancing capillary and viscous stresses, we obtain a capillary-viscous resonant frequency f $ =R $ 1 kHz [12] close to that observed in Figs. 1(b)  and 1(d) ; is the interfacial tension and R the drop dimension. The emergence of these large amplitude low frequency (1 kHz order) waves, in addition to the existing low amplitude high frequency (20 MHz) SAW-induced standing waves at the drop free surface, then lead to nodal points where the nearly straight nodal lines of the high frequency standing wave intersect with the single nodal circle of the subharmonically induced low frequency standing wave. Assuming potential flow in a twodimensional axisymmetric drop, an expansion of the Laplace equation governing the streamfunction in cylindrical harmonics then yields a solution that corresponds to this fundamental radial axisymmetric mode, as illustrated in the inset of Fig. 2(a) . Consequently, the particles drift from the linear concentric rings toward the nodal points once the low frequency capillary wave amplitude, negligible in regime A, approaches the amplitude of the high frequency waves. This is supported by the time required for the particles to migrate into these colloidal islands, which still scales as 1=A 2 [ Fig. 1(c)] .
Curiously, the drop size defines the number of islands [ Fig. 2(a) ]. If the SAW excitation power were to be kept constant and the drop allowed to evaporate, thereby reducing its overall volume, the number of islands and their positions successively mutate with the progressive evaporation of the drop, as demonstrated in Fig. 2(b) . In fact, the number of islands concomitantly decreases in a manner tightly bound to the radius of the drop as depicted by the successive images in Fig. 2(b) and in the movie (see movie 1 [9] ). The caricatures beneath each image illustrate the shrinking nodal circle of the large amplitude low frequency capillary-viscous vibration, consistent with the Rayleigh-Lamb dispersion relationship [13] , as it progressively overlaps fewer and fewer SAW-induced, fixed high frequency linear nodal lines, reducing the number of sites for particles to collect as time passes. The transition from one island arrangement to the next is rapid, and the position of the islands along the SAW propagation direction is not seen to shift, suggesting the importance of the SAWinduced standing waves in triggering the phenomena. Altogether, the evaporation behavior supports the postulated mechanism for the colloidal island formation.
At the high excitation amplitude end of the spectrum, i.e., regime D in Fig. 1(a) , bulk liquid recirculation (acoustic streaming) within the drop occurs. In this regime, colloidal particles are rapidly drawn into the toroidal vortex that arises due to shear gradients [14] generated by streaming in the drop. The particles are drawn inwards along the substrate-drop interface and collect along this interface at the center of the drop and away from the drop's free surface [6] . As the power is increased further, the particle collection in the bulk at the bottom center may be dispersed due to overwhelming convective forces induced by the acoustically-driven flow, and the drop may be induced to move [4] or even atomize [7] .
Most peculiar of all, regime C in Fig. 1(a) comprises a transient metastable region in which the phenomena of regimes B and D occur in a cyclic blinking [15, 16] fashion. Characterized by broadband vibration of the free surface growing roughly as a square of the frequency over the . The time required to complete each cycle varies in a statistically indeterminate fashion, and the direction of the vortices varies randomly from cycle to cycle. Furthermore, the particle trajectories drawn out from each island as the vortices begin to progressively intensify, diverge with a positive Lyapunov exponent, which suggests chaotic behavior [15] . A movie of the cycling best illustrates this extraordinary behavior (see movie 2 [9] ).
Fast harmonic excitation combined with regular antinodal vortices are known to occur in fluid flows near critical symmetry-breaking bifurcations [16] . Here, a pair of equally probable solutions for either clockwise or counterclockwise rotation in the drop exists, controlled through an asymmetric particle concentration from one side of the drop to the other due to the presence of the islands. This results in particle collection behavior similar to that seen in laminar Couette flow characterized as a Hopf bifurcation arising as a consequence of spatial symmetry breaking [16] . Indeed the quasiperiodic behavior of the collection cycle in the intermediate regime (regime C) between the local and drop-wide collection characterized by regimes A and B, respectively, and the streaming-induced bulk concentration in regime D is a physically useful demonstration of chaotic Hopf bifurcation systems.
